Whipworms are common soil-transmitted helminths that cause debilitating chronic infections in man. These nematodes are only distantly related to Caenorhabditis elegans and have evolved to occupy an unusual niche, tunneling through epithelial cells of the large intestine. We report here the whole-genome sequences of the human-infective Trichuris trichiura and the mouse laboratory model Trichuris muris. On the basis of whole-transcriptome analyses, we identify many genes that are expressed in a sex- or life stage-specific manner and characterize the transcriptional landscape of a morphological region with unique biological adaptations, namely, bacillary band and stichosome, found only in whipworms and related parasites. Using RNA sequencing data from whipworm-infected mice, we describe the regulated T helper 1 (T H 1)-like immune response of the chronically infected cecum in unprecedented detail. In silico screening identified numerous new potential drug targets against trichuriasis. Together, these genomes and associated functional data elucidate key aspects of the molecular host-parasite interactions that define chronic whipworm infection.
Whipworms (T. trichiura) infect an estimated 700 million people worldwide 1 . They are one of three major groups of soil-transmitted helminths (STHs), the others being Ascaris and hookworms, that impede the socioeconomic development of entire populations. Trichuris parasites invade the epithelium of the colon of their hosts, particularly the cecum, where they may persist for years and can cause colitis, anemia and Trichuris dysentery syndrome. T. muris is an established laboratory mouse model for human trichuriasis and shares with T. trichiura many aspects of its biology, including the specialized niche within the host. Work on T. muris has been pivotal in defining the crucial role of helper T cell 2 (T H 2) immune responses and interleukin (IL)-13 in protective immunity to parasitic helminths 2 , and deliberate infection with whipworm eggs, typically of the porcine parasite Trichuris suis, is emerging as a novel therapy option for patients with immune-mediated diseases 3, 4 . Whipworms have a simple and direct life cycle, and, unlike the related parasite Trichinella spiralis, whipworm larvae do not form cysts in muscle tissue but reside exclusively in the intestine. Bacillary cells and stichocytes are distinctive cell types found only in clade I nematodes 5 and are located in the slender anterior part of the adult whipworm that is burrowed within the intestinal epithelium. The bulbous posterior end of the whipworm lies free in the intestinal lumen and harbors the reproductive organs, giving adult Trichuris parasites their characteristic whip-like morphology.
Here we present high-quality genome sequences for T. trichiura and T. muris, the first duo of a major human STH and its mouse counterpart. We resolve chromosomal sequences and infer sex chromosome-specific parasite genes and new potential drug targets. On the basis of high-throughput transcriptomics data, we identify whipworm proteins that are highly expressed in the anterior region of the parasite, that is, in intimate contact with the cytoplasm of host intestinal cells and the immune system. Gene expression data from mice with low-dose whipworm infection provide a detailed description of a regulated T H 1-like immune response to the infected cecum that is not limited to the immediate site of infection. The availability of these two important whipworm genomes and the integration of parasite and host data presented here will underpin future efforts to control these parasites and exploit their immunological interplay for human benefit.
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A r t i c l e s
In parallel, multiple technologies and manual finishing were used to produce an 85-Mb reference genome assembly from the more readily available mouse parasite species T. muris (Online Methods and Supplementary Note). More than half of the T. muris and T. trichiura genomes assembled into scaffolds of at least 1,580 kb and 71 kb, respectively ( Table 1) . Despite their differences in contiguity, both genomes were determined to be 94.8% complete using the Core Eukaryotic Genes Mapping Approach (CEGMA) 6 . The T. muris genome comprises two pairs of autosomes and one pair of X and Y sex chromosomes (2n = 6) 7 , whereas the karyotype of T. trichiura has so far not been reported. In Trichinella species of the same phylogenetic clade, the XO sex-determination system is used with 2n = 6 for female (XX) and 2n = 5 for male (X0) worms 8 . To explore the architecture of the genome, assembly scaffolds for T. muris were joined into superscaffolds by optical mapping (assembly version 4.0; Table 1 ). Clustering of one-to-one ortholog patterns between T. muris and T. spiralis identified three distinct linkage groups in each species, providing strong evidence that chromosome-level synteny has been preserved across genera (Fig. 1a) . Contrasting with the observed macrosynteny, smallscale gene order has mostly been lost among the three species ( Fig. 1a and Supplementary Fig. 1 ). Such extensive intrachromosomal rearrangements have also been found in other nematode lineages [9] [10] [11] [12] and appear to be a hallmark of nematode genome evolution.
To assign genomic scaffolds to chromosomal locations, we used mapped resequencing data from females (T. muris only) and single males (T. muris and T. trichiura). From the males, one linkage group could be putatively identified as the X chromosome, on the basis of an almost complete lack of heterozygosity and half the relative sequence coverage compared with the other two linkage groups that are presumed to be pairs of autosomes (Fig. 1b,c, Supplementary  Fig. 2a-c and Supplementary Table 1) . In contrast, the putative X-chromosomal scaffolds from T. muris females showed equivalent read coverage and a similar level of heterozygosity to the putative autosomes. Furthermore, the putative X-chromosomal scaffolds were significantly (P < 1 × 10 -12 ) enriched for genes that were transcriptionally upregulated in female worms (Supplementary Table 2a) .
From differential sequence coverage in males and females (Online Methods, Supplementary Fig. 2e ,f, Supplementary Table 1c and Supplementary Note), putative T. muris Y chromosome sequences were identified, equivalent to 24.4 Mb of sequence when the estimated true copy numbers of the large number of collapsed repeats were taken into account (Supplementary Table 1d ). Despite the similar estimated sizes for the T. muris sex chromosomes, the X chromosome (26.9 Mb) contained 2,137 genes, whereas the Y chromosome had non-redundant gene content corresponding to fewer than 70 genes, of which most were of unknown function or were transposon related (Supplementary Table 2b ). We further identified putative centromeric repeat sequences on three T. muris scaffolds that together were estimated to constitute 5.33 Mb ( Supplementary  Fig. 3, Supplementary Table 1d and Supplementary Note).
In T. trichiura, 9,650 genes were predicted, and in T. muris, aided by deep transcriptome sequencing, 11,004 genes were found ( Table 1) . Predicted proteins from both species clustered together with sequences from other nematodes and outgroups in a total of 7,354 gene families. Of these, 5,868 families contained genes from both species, that is, 6,629 and 6,641 genes from T. muris and T. trichiura, respectively. Thus, the majority of Trichuris genes are orthologs shared by both species (Fig. 2a,b) . Despite the widespread loss of gene collinearity, the usefulness of the mouse model is emphasized by the highly similar proteomes of the two species-5,060 one-to-one protein orthologs exhibited an average amino acid identity of 79%. In this comparison, 2,350 T. trichiura and 3,817 T. muris genes appeared to be species specific and were particularly enriched in hypothetical proteins of no known function (for example, 76% of the T. muris species-specific 
Patterns of parasite gene expression
To better understand the parasite's unusual niche within the mucosa of the large intestine, we generated and compared transcriptomewide gene expression data for several biological samples of T. muris, then performing protein domain and GO term enrichment analyses. The stichosome and bacillary band in the whipworm anterior region have been suggested to be involved in nutrient uptake, digestion and host-parasite interactions, for which they would be perfectly placed morphologically. Nevertheless, their exact biological roles are still poorly understood. Our data showed that transcripts in the T. muris anterior region were dominated by chymotrypsin A-like serine proteases and by protease inhibitors with similarity to secretory leukocyte peptidase inhibitor (SLPI) (families S1A and I17, respectively, in the MEROPS peptidase database; Supplementary Fig. 4 and Supplementary Tables 4 and 5). Chymotrypsin A-like serine proteases were encoded by over 75 genes in each of the Trichuris genomes, at numbers far higher than in other nematodes, making them the single largest group of proteases (Supplementary Table 4 ). In T. muris, three-quarters of these genes (63) were transcriptionally upregulated in the anterior region, and, of these, two-thirds (42) are likely to encode secreted proteins ( Supplementary Fig. 4 and Supplementary Tables 6 and 7) . These proteases might, 
muris and T. spiralis (right).
The linkage group shown in yellow is putatively identified as the sex-specific X chromosome.
(b) Median relative coverage of high-throughput sequencing reads was derived for a pool of 11 female T. muris parasites or single male parasites (T. muris and T. trichiura) and was calculated per 10-kb window across all genome scaffolds that were assigned to 1 of the 3 linkage groups.
In females, mapped sequence read coverage is even across all three linkage groups, whereas, in males, read coverage exhibits a bimodal distribution. In particular, the linkage group to which scaffolds belong separates well with either of the two peaks of relative read coverage. Scaffolds of linkage group X are associated with half the median read coverage found for scaffolds of linkage groups 1 and 2. (c) Levels of heterozygosity correlate strongly with affiliation with one of the three linkage groups. Both the 0.5-fold relative read coverage and the very low apparent heterozygosity of linkage group X are consistent with the corresponding scaffolds representing the sex-specific X chromosome, which is expected to occur in a single copy in the diploid genome of a male Trichuris parasite. In box plots, the center line is the median, the box shows 25% to 75% quantiles (interquartile range), the top whisker represents the highest data point below (75% quartile + 1.5 × interquartile range) and the bottom whisker shows the lowest data point above (25% quartile -1.5 × interquartile range).
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Eighty of the 111 protease inhibitors found in T. muris encoded serine protease inhibitors (MEROPS families I1, I2, I15 and I17), with SLPI-like proteins (proteins containing mostly WAP domains) collectively being by far the most abundant protease inhibitor transcripts in the anterior region (Fig. 3a) . WAP domains are found in a number of proteins that also include the mammalian whey acidic protein (WAP) and elafins. The T. muris genome contained 44 genes encoding between 1 and 9 WAP domains, whereas T. trichiura and T. spiralis featured 20 and 23 genes encoding such proteins, respectively. Surprisingly, all three trichocephalid species each encoded only a single WAP domain-containing protein (TMUE_s0077003100, TTRE_0000351901 and EFV57447) in which the WAP domain contained the canonical eight cysteine residues that have given this domain its alternative name, 4-disulphide core. These proteins are large and bear some similarity to the mesocentin protein of C. elegans, which exhibits RNA interference (RNAi) phenotypes, such as neuroanatomical defects affecting chemosensory neurons and axons 18 . In contrast, all other WAP domains in Trichuris and Trichinella had an apparently novel trichocephalid adaptation of exactly six cysteine residues ( Fig. 3b and Supplementary Fig. 5 ). How this modification affects the function of WAP domain-containing proteins is unknown. In addition to their protease inhibitor activity, both mammalian SLPIs and elafins have immunomodulatory, anti-inflammatory and antimicrobial properties, with a role in innate immune defense and wound healing [19] [20] [21] . Epithelial cells frequently produce these proteins in response to inflammation to modulate the inflammation process, cytokine secretion and cell recruitment and to favor a T H 1-type 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  46  48  47  49  50  51  52  53  54  45   3  2  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  46  48  47  49  50  51  52  45   3  1  2  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  46  48  47  49  50  51  52 19 . The fact that there are apparently no SLPI-like proteins present in other parasitic helminth lineages, that the corresponding genes are strongly and specifically expressed in the whipworm anterior region and that the majority of SLPI-like proteins are likely secreted suggests that this family carries out nematode clade I-specific functions that may include the inhibition of inflammation in host intestinal epithelial tissue as it is being invaded and wounded by the parasite.
Transcripts for DNase II-like proteins were also particularly highly expressed in the whipworm anterior region (Fig. 4a) . T. spiralis encodes 166 DNase II-like proteins 22, 23 that include the abundant excretory-secretory protein gp43 (ref. 24) . T. muris and T. spiralis each encoded one ortholog of the metazoan DNase II (Fig. 4b and Supplementary Fig. 6 ), which in T. muris exhibited low and uniform transcript levels across the biological samples analyzed. In contrast, all other trichocephalid DNase II-like proteins were so divergent that they were positioned outside the major, well-supported cluster in a phylogenetic tree (Fig. 4b) . As in other animals 25 , the three DNase IIlike nucleases in C. elegans (NUC-1, CRN-6 and CRN-7) are involved in apoptosis and development 26 . A homologous protein in starfish (plancitoxin) has been reported to be able to enter the nuclei of rat liver epithelial cells and cause caspase-independent apoptosis 27 . One intriguing potential biological role of DNase II-like proteins in trichocephalid parasites is the degradation of host DNA that may be released when the parasites damage host tissue during invasion, thereby limiting inflammatory and immune responses that could be elicited by undigested host DNA 22 .
We found male-specific expression (Supplementary Table 8 ) of transcripts encoding proteins with major sperm protein (MSP) domains, which likely have a role in the amoeboid locomotion of nematode sperm 28 , and proteins with casein kinase-related and epidermal growth factor (EGF)-like domains, which might be involved in male mating-associated functions 29 . In contrast, transcripts for proteins with chitin-binding domains were upregulated in female whipworms. As nematode eggshells commonly contain chitin, it is likely that these proteins are associated with the formation of the eggshell or a related function 30 . The transcriptional landscape of L2 and L3 larvae is similar to that of the anterior region of adult worms, likely owing both to the shared intraepithelial location and the shared absence of the reproduction-and sex-specific transcripts that dominate the posterior region of adult worms (Supplementary Table 8 ). In addition, larval stages showed high expression of transcripts for ribosomal proteins and collagen-and fibronectin-related proteins, likely reflecting the fast growth and associated protein and cuticle synthesis in whipworms during the larval stage ( Supplementary  Fig. 4 and Supplementary Tables 8 and 9 ).
Host intestinal response to infection
Low-dose infection of mice with T. muris leads to chronic infection, whereas high-dose infections are typically cleared in the majority of inbred mouse strains. Therefore, low-dose infection of C57BL/6 mice with T. muris is used as a model of natural chronic infection of humans with T. trichiura, which usually presents with a low parasite burden 31 , and may also provide a model for inflammatory immune diseases of the gut 32, 33 . A T H 2 response is required for the resolution of infection and the acquisition of immunity 34 , but chronic infections are typified by a regulated T H 1 response 35, 36 . This combined response favors the parasite, counteracting a protective T H 2 response, resulting in slower epithelial turnover and leading to pathology with features of colitis while preventing severe intestinal pathology 37 . To investigate the precise nature of these responses, we characterized gene expression changes in mouse cecum and mesenteric lymph node (MLN) upon infection, using RNA sequencing (RNA-seq). Changes in host gene expression were shared by the precise site of worm occupation and worm-free areas. We found only five genes differentially expressed in these tissues in infected mice compared to control mice, suggesting broad regulatory activity within the cecum.
Within infected cecum, we found 868 genes upregulated and 590 downregulated compared to the same tissue in naive mice. Upregulated genes were enriched for a variety of functional terms associated with the immune system, suggesting that these factors are the primary mediators of interaction with the worm during chronic infection. As expected, these changes were consistent with a T H 1 response: Cd4 expression was upregulated by 4-fold, whereas proinflammatory cytokines Ifng (encoding interferon (IFN)-γ) and Tnfa (encoding tumor necrosis factor (TNF)-α) were upregulated by 26-and 12-fold, respectively (Supplementary Fig. 7) . Conversely, Il4, Il5, Il9 and Il13, encoding cytokines typical of a T H 2 response, were not differentially expressed. IL-18 has been suggested to have a role in promoting susceptibility by inhibiting the T H 2 response 38 ; however, at this stage of infection, we saw a downregulation of Il18 levels in susceptible mice, suggesting instead that this cytokine has a role in downregulating an excessive type 1 response. We observed upregulation of Il16 and Ccr5, which have been implicated in T H 1 cell migration 39 but have not previously been associated with Trichuris infection. There was strong upregulation of immunoglobulin classes G2B, G2C, A and M but not E in the cecum after Fig. 7 and Supplementary Table 10 ). These changes in the upregulation of immunoglobulin classes likely arise as a result of IFN-γ stimulation, but a role for these isotypes in chronic infection is unknown. Certainly, antibody per se is thought to be dispensable for protection against primary infections 40 . In chronic infections, the antibody response seen here might be a non-functional byproduct of a parasite-induced T H 1 response or might instead be a response to bacterial infection associated with parasite-induced intestinal damage. Support for the latter hypothesis is provided by the observed secretory IgA response, which is commonly associated with commensal bacteria 41 . The full extent of differential expression of cytokines and chemokines in infected cecum is shown in Supplementary Table 11 .
In MLN, 381 genes were upregulated and 176 genes were downregulated after infection. The gene set was dominated by genes related to the cell cycle and IgG, suggesting prolonged production of B cells. Whether these changes in expression simply indicate a response to chronic intestinal infection or increased exposure to microflora or suggest that these B cells or isotypes have specific or new functional roles remains to be determined. In a chronic infection, it is essential that the parasite limits damage to the host. In particular, IL-10 has been proposed to control tissue repair during chronic infection 35 . Furthermore, IL-22, another member of the IL-10 superfamily, has been implicated in therapeutic T. trichiura infection 42 . We observed that Il10 and Il22 levels were upregulated in infected cecum. The source of these cytokines could be the classically induced FoxP3 + regulatory T (T reg ) cells; however, we did not observe upregulation of mRNA for the associated markers FOXP3 and CD25, suggesting that the source might be other IL-10-producing T cell subsets. Mucosal mast cells have previously been observed in acute infection with T. muris but do not appear to be responsible for parasite resistance 43 . Evidence from the AKR mouse model of chronic infection 44 and here from the low-dose C57BL/6 model suggests that these cells increase in number during chronic infection and therefore might have a role in tissue repair or immunoregulation, perhaps through the production of IL-10 ( Supplementary  Fig. 7) . We observed expression of several markers of M2 (alternatively activated) macrophages (Supplementary Fig. 7 ), which have also been shown to be dispensable for resistance to Trichuris infection 45 . These macrophages are thought to be specific to a T H 2 response, and, although we did not detect upregulation of Il4 or Il13, very low levels of these cytokines could be present, as we detected no reads for their transcripts in uninfected samples and low numbers of reads in infected samples. M2 macrophages are known to have roles 32 . Here we showed that T. muris infection causes changes in the expression of genes associated through genome-wide association studies (GWAS) with ulcerative colitis and several other inflammatory diseases (Supplementary Fig. 8 and Supplementary Table 12 ). These findings provide support for the use of T. muris as a model of these devastating diseases prevalent in countries that are relatively free of intestinal parasites, in addition to its role as a model of T. trichiura infection.
Insights into new drug targets
Recent meta-analyses have showed that albendazole and mebendazole, used to treat trichuriasis, may only completely clear about one-third of infections, and high rates of reinfection are commonly encountered 47, 48 . With the unsatisfactory performance of current anthelmintics and the availability of complete genome sequences, new opportunities for target-based approaches to drug discovery need to be explored. The preceding sections of this study highlight parasite processes that could potentially be disrupted by drugs (for example, protease, protease inhibitor and DNase II activities), but, by combining our transcriptome data with results from database searches, we have assigned, on a genome-wide scale, potentially desirable properties for drug target selection. These properties can be weighted and ranked (Supplementary Tables 13 and 14) or simply filtered. For instance, 8,307 genes are expressed in adult whipworms, 4,269 genes have high inferred druggability and, for 600 genes, we inferred evidence of essentiality. We found only 397 putative targets that fulfilled all these criteria. This list was further reduced to 29 genes by filtering for candidate proteins with homologs that are targets of existing approved drugs ( Table 2 and Supplementary Tables 13  and 14) . Among these, we identified fatty acid synthase, the target of the anti-obesity drug orlistat; DNA topoisomerase, a target for the previously used antischistosomiasis drug lucanthone; and calmodulin, the target for the antidiarrheal drug loperamide, which has previously been reported to increase the efficacy of mebendazole in treating trichuriasis 49 .
DISCUSSION
Whipworms are exquisitely well adapted to their unusual biological niche. They are able to invade and maintain over extended periods of time their position within the epithelium of the large intestine, one of the fastest renewing tissues of the body, often without causing excessive pathology. The anterior end of adult worms appears to be key for host-parasite interactions, immunomodulation and feeding. This is because it is in intimate contact with host tissue and because it is home to two specialized cellular structures-the bacillary band and the stichosome. These adaptations are unique to whipworms and related parasites, that is, organisms that spend part of their life cycle buried in the intestinal mucosa of the host. This study identifies numerous genes with anterior end-specific expression that encode factors including protease inhibitors, DNase II and serine proteases. Many of these molecules are likely secreted from the worm and are plausibly involved in both immunomodulation and feeding. How and where secreted proteins are actually released from adult worms remains a fundamental and unanswered question; they could either be routed via the esophagus and exit via the anus into the intestinal lumen or find their way to the exterior of the worm via the intriguing pores of the bacillary cells that are in direct contact with host cell cytoplasm 50 . It is also unknown whether feeding actually occurs via the mouth, as Trichuris lacks the muscular pharynx of other nematodes that pump food through the gut. Alternatively, whipworms could both secrete digestive enzymes (together with immunomodulatory molecules) and absorb nutritional molecules via the pores of bacillary cells.
Here we also present the landscape of transcriptomic changes in chronically infected host tissue and suggest aspects of the host immune system that might be involved in reducing pathology. Whether this reduction in pathology is mediated by alternatively activated macrophages, mast cells or other cell populations, determining how the interplay of host and parasite regulates the immune system will also help in gaining a better understanding of diseases such as ulcerative colitis that appear to have much in common with whipworm infection. Intriguingly, the pig whipworm Trichuris suis is licensed as a medicine for treating inflammatory bowel diseases. Comparative immunology of these infections should help in developing more targeted therapies in the future. Finally, this work emphasizes the power of combining genomics and transcriptomics to study an important human pathogen and its well-defined model system in tandem, in not only opening up novel avenues of future therapeutics in human disease but also in providing fundamental biological data toward understanding of the host-parasite relationship.
URLs. MEROPS peptidase database, http://merops.sanger.ac.uk/.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. The Trichuris genome projects have been registered under the International Nucleotide Sequence Database Collaboration (INSDC) project ID numbers PRJEB2108 (T. muris) and PRJEB2679 (T. trichiura). Genome data and the complete genome annotation are available for download from ftp://ftp.sanger.ac.uk/ pub/pathogens/Trichuris/GenomePaper2014. Genome sequencing data have been deposited in the European Nucleotide Archive (ENA) under sample accession numbers ERS016744, ERS016965, ERS056020 and ERS244696 for T. muris and under sample accession number ERS056020 for T. trichiura. RNA-seq transcriptome data have been deposited in ENA under study accession numbers ERP002000 (T. muris) and ERP002560 (mouse) and in ArrayExpress under study accession numbers E-ERAD-125 (T. muris) and E-ERAD-181 (mouse). 
